Stereopsis is the primary cue underlying our ability to make fine depth judgments. In adults, depth discriminations are supported largely by relative rather than absolute binocular disparity, and depth is perceived primarily for horizontal rather than vertical disparities. Although human infants begin to exhibit disparity-specific responses between 3 and 5 months of age, it is not known how relative disparity mechanisms develop. Here we show that the specialization for relative disparity is highly immature in 4-to 6-month-old infants but is adult-like in 4-to 7-year-old children. Disparity-tuning functions for horizontal and vertical disparities were measured using the visual evoked potential. Infant relative disparity thresholds, unlike those of adults, were equal for vertical and horizontal disparities. Their horizontal disparity thresholds were a factor of ϳ10 higher than adults, but their vertical disparity thresholds differed by a factor of only ϳ4. Horizontal relative disparity thresholds for 4-to 7-year-old children were comparable with those of adults at ϳ0.5 arcmin. To test whether infant immaturity was due to spatial limitations or insensitivity to interocular correlation, highly suprathreshold horizontal and vertical disparities were presented in alternate regions of the display, and the interocular correlation of the interdigitated regions was varied from 0% to 100%. This manipulation regulated the availability of coarse-scale relative disparity cues. Adult and infant responses both increased with increasing interocular correlation by similar magnitudes, but adult responses increased much more for horizontal disparities, further evidence for qualitatively immature stereopsis based on relative disparity at 4 -6 months of age.
Introduction
Retinal disparity created by the lateral separation of the eyes is first encoded in primary visual cortex. Two properties of the disparity tuning of these cells, however, make them unlikely substrates for perceptual depth. First, disparity tuning is present for dynamic random dot stereograms (DRDSs) whose features are of opposite contrast in the two eyes (Cumming and Parker, 1997) . These patterns do not give rise to perceptual depth (Cogan et al., 1993 (Cogan et al., , 1995 . Second, cells in V1 are primarily sensitive to absolute disparity: for example, the image disparity defined relative to the fixation plane, but not relative disparity, the difference in disparity between two or more features (Cumming and Parker, 1999; Thomas et al., 2002) . The perceptual system, by contrast, is quite insensitive to absolute disparity (Westheimer, 1979; Erkelens and Collewijn, 1985; Cottereau et al., 2012a) , and fine depth discrimination relies on a computation of relative disparity (Westheimer, 1979; McKee et al., 1990; Andrews et al., 2001) .
The likely substrate for perceptual depth from disparity lies in extrastriate cortex. Cells tuned for relative disparity are first found in V2 of the macaque (Thomas et al., 2002) and have also been found in V3 (Anzai et al., 2011 ), V4 (Umeda et al., 2007 Shiozaki et al., 2012) , IT (Janssen et al., 2001) , and, depending on the precise definition of relative disparity, MT (Krug and Parker, 2011) . In parallel with the relative disparity processing hierarchy, disparity tuning that is specific for the matched interocular contrasts that support perceptual depth is increasingly apparent as one goes from V1 to V4 (Tanabe et al., 2004) to IT (Janssen et al., 2003) .
Developmentally, cells tuned for absolute disparity have been found as early as 14 d of age in infant macaque V1 (Chino et al., 1997; Maruko et al., 2008) and V2 (Maruko et al., 2008) . In humans, visual evoked potentials (VEPs) can be measured to changes in interocular correlation as early as 2-3 months of age (Braddick et al., 1980; Petrig et al., 1981; Braddick and Atkinson, 1983; Birch and Petrig, 1996; Jandó et al., 2012; Mikó -Baráth et al., 2014) . By contrast, the development of fine stereo-acuity, a function that is dependent on the extraction of relative disparity, has a protracted developmental sequence, reaching near adult levels only in school age children (for review, see Norcia and Gerhard, 2015) .
Using DRDS to isolate disparity-selective processes and highdensity EEG recordings, we determined the smallest relative disparity that could evoke a synchronized response in 4-to 6-month-old infants, 4-to 7-year-old children, and adults. As a control for the relevance of the measured evoked response for perceptual depth, measurements were also made for vertical disparities that do not support a percept of depth. Adults were a factor of ϳ4 more sensitive to horizontal than vertical disparities, but infant sensitivity was approximately equal and was reduced by a factor of ϳ10 relative to the adult for horizontal disparities. Relative disparity responses in 4-to 7-year-olds were qualitatively and quantitatively adult-like. The lack of specialization for horizontal relative disparity in infants was confirmed in a second experiment in which we varied the strength of the interocular correlation in a zero-disparity reference region.
Materials and Methods
Participants. A total of 23 adults between the ages of 19 and 43 years (mean age ϭ 25.5 years, 12 female) recruited from the Stanford community participated. Their visual acuity was better than 0.1 LogMar in each eye without spectacle correction and they had Ͻ0.1 LogMar acuity difference between the two eyes. The adult participants also had stereo-acuity of 40 arcsec or better on the Randot test. A total of 25 infants, age range 3.8 -6.4 months (mean age ϭ 6 months, 11 female) and 17 children, age range 4.4 -7 years (mean age ϭ 5.5 years, 9 female) were recruited via letters mailed to parents on the basis of information provided by the California Department of Vital Statistics. The infants and children had no history of major medical problems, were Ͼ2500 g at birth, and were presumed to be otherwise typically developing.
Stimulus generation. The experimental stimuli consisted of dynamic random-dot stereograms. Dichoptic viewing was achieved via red/ blue glasses, as described previously (Norcia et al., 2005) . The dot luminance was equated for red and blue images viewed through the optics of the glasses, and cross talk was minimal as judged psychophysically. The DRDSs were displayed on a 65 inch Sony Bravia XBR-65HX929 LCD monitor. The field of view was 40°ϫ 40°at a viewing distance of 100 cm. The dots were 4.6 arcmin in diameter and were presented at a density of 5 dots per square degree. The dots were drawn with OpenGL using antialiasing at a screen resolution of 1920 ϫ 1080. This function allowed us to present disparities via dithering that were smaller than the nominal resolution set by the 1920 ϫ 1080 display matrix. This was verified by examining the contents of video memory and through examination of the antialiased pixels under magnification. The dots were updated at 20 Hz.
Experimental procedure. The stimuli are illustrated schematically in Figure 1 . In one set of conditions, designed to measure disparity thresholds and suprathreshold voltage versus disparity functions, the disparity presented in alternate bands of a square-wave disparity grating was modulated at 2 Hz from 0 disparity to one of 10 equal logarithmically spaced crossed disparities (0.5-16 arcmin for adults and children, 2-32 arcmin for infants). The other bands of the disparity grating were presented at 0 disparity throughout. The disparity values were changed once every second as a swept parameter. The trials began with a 1 s "prelude" in which the display presented the first stimulus value in the disparity sweep. In the correlation sweep conditions, the interocular correlation of the alternating bands was swept between 0% and 100% in 10 equal, linearly spaced steps. The disparity of these bands was 0. The other bands contained a fixed disparity modulation that was between 0 and 16 arcmin for the adults and between 0 and 24 arcmin (n ϭ 9) or 0 and 47 arcmin (n ϭ 9) for the infants. Not all the infants provided data in both the disparity and correlations sweep conditions.
The adults participated in one recording session lasting ϳ60 min. The disparity and correlation sweeps were presented in random order with 10 repetitions of each of the four experimental conditions. The infant data were recorded in two sessions, spaced by ϳ1 week. Within an infant session, the horizontal and vertical versions of either the disparity or correlation sweep conditions were presented, with the day-order of presentation of the disparity or correlation sweep versions of the experiment being randomized over infants. The children participated in a single session during which 20 trials each of the horizontal and vertical disparity sweep conditions were presented.
EEG acquisition and preprocessing. High-density, 128-channel EEGs were recorded using HydroCell electrode arrays and an Electrical Geodesics NetAmp400. The EEG was sampled natively at 500 Hz and then The disparity was alternated at 2 Hz between 0 disparity and an age-dependent range of suprathreshold crossed disparities. Reference bars presented a constant 0 disparity, 100% correlated stimulus. B, Interocular correlation sweeps. The disparity of the test bars was alternated at 2 Hz at an age-dependent value that was well above disparity threshold. This value was constant throughout the trial. The interocular coherence of the reference bars was swept from 0% to 100% interocular correlation. The interocularly correlated dots in the reference bars were presented at a fixed and unmodulated disparity of 0.
resampled to 420 Hz, giving exactly 7 datum samples per video frame. The display software provided a digital trigger indicating the start of the trial with millisecond accuracy. The data were filtered to a 0.3-50 Hz passband upon export of the data to custom signal processing software. Artifact rejection was performed in two steps. First, the continuous filtered data were evaluated according to a sample-by-sample thresholding procedure to locate consistently noisy sensors. These channels were replaced by the average of their six nearest spatial neighbors. Once noisy electrode voltages were interpolated in this fashion, the EEG was rereferenced from the Cz reference used during the recording to the common average of all the sensors. Finally, EEG epochs that contained a large percentage of data samples exceeding threshold (30 -80 V for adults, 200 V for infants) were excluded on a sensor-by-sensor basis.
EEG data and statistical analysis. The steady-state VEP amplitude and phase at the first four harmonics of the disparity update frequency of 2 Hz were calculated via a Recursive Least Squares (RLS) adaptive filter (Tang and Norcia, 1995) . The RLS filter comprised two weights: one for the imaginary and the other for the real coefficient of each frequency of interest. The RLS filter was updated at 420 Hz, and the learned coefficients were averaged over an exponential forgetting function with a decay parameter of 1 s. Estimates of background EEG noise level during the trials were derived from the same analysis performed at frequencies straddling the harmonic frequency of interest (Ϯ1 Hz). A variant of Hotelling's T 2 statistic (Pei et al., 2017) was used to test whether the VEP response differed reliably from 0 amplitude.
Dimension reduction via reliable components analysis. To reduce the dimensionality of the high-density steady-state VEP data to a small number of physiologically interpretable components, we used a component decomposition technique, reliable components analysis (RCA), which is based on trial-to-trial phase consistency (Dmochowski et al., 2015) . Briefly, the method exploits the fundamental underlying assumption of steady-state VEPs that response phase is constant over repeated presentations of the same stimulus. This assumption is instantiated by the crosstrial covariance matrix, which is decomposed by solving a generalized eigenvalue problem into a small number of maximally reliable components consisting of a scalp topography and response spectrum.
Results

Disparity response functions
As we have shown in previous work, periodic modulation of disparity at 2 Hz evokes scalp responses at several harmonics of the disparity-update frequency (e.g., at 2, 4, 6, and 8 Hz), with the first harmonic being the largest in amplitude (Cottereau et al., 2011 (Cottereau et al., , 2012a . The scalp distribution for the most reliable component (RC1) is shown in Figure 2 for adults and infants. RCA was performed to reduce the dimensionality of the data to perform a principled analysis of response components, especially in terms of the selection of electrodes for analysis. The RC1 scalp topography learned over the first four harmonics of the disparityupdate frequency was maximal over midline occipital electrodes in both adults and infants. The topography appears to be shifted somewhat dorsally on the recording array for adults relative to that for infants; but given the uncertainty in how the scalp array overlays underlying cortex, we do not interpret this further.
As a first basis of comparison of infant and adult disparity response functions, we begin with the first harmonic component (1F1), which our previous work has shown to be a sensitive indicator of relative disparity processing in a range of retinotopic visual areas (Cottereau et al., 2011 (Cottereau et al., , 2012a . In adults, the disparity response function for horizontal disparity, shown as Figure  2 (top right, blue trace), rises monotonically from the noise level (dashed line), with the first run of statistically significant responses being recorded at 1.17 arcmin. In the following, isolated bins with p Ͻ 0.05 are not considered as indicating the appearance of the response above the noise level, but runs of two or more consecutively significant bins are. This noise-level-based criterion for defining the disparity threshold is useful but underestimates visual sensitivity (e.g., the inverse of the disparity threshold) because the experimental noise level, which is a combination of background EEG, myogenic, and instrumental noise, limits the detectability of small visually driven responses. An al- ternative method for threshold/sensitivity estimation involves extrapolation of the response function to zero amplitude (Campbell and Maffei, 1970; Norcia et al., 1989) . Threshold measured by extrapolation to zero amplitude was 0.46 arcmin. The adult response function for vertical disparities (red trace) does not begin to rise above the noise level until 4 -5 arcmin versus ϳ1 arcmin for horizontal disparity and the corresponding zero-amplitude threshold was 1.74 arcmin versus 0.46 arcmin. Above threshold, the peak amplitude of the horizontal disparity response is larger than that for the vertical disparity condition by a factor of 2, and the form of the functions is largely consistent with a pure rightward shift along the disparity axis. Adults thus show larger evoked responses that have a lower threshold for horizontal disparities than for vertical disparities.
Infants, by contrast, are overall less sensitive to disparity. Their 1F1 response functions only rise above the noise level at 17 arcmin for both horizontal and vertical disparities (Fig. 2, left) . A total of 18 infants contributed data, and the mean age at the time of recording was 4.7 months (range 3.8 -5.5 months, SD 0.4 months; 8 female). The extrapolated threshold for horizontal disparity is 4.5 arcmin, a factor of ϳ10 higher than in adults. The vertical disparity response threshold (17 arcmin) is a factor of ϳ4 higher than for adults. In terms of the relative thresholds for horizontal versus vertical disparity, infants are 1.6 times more sensitive to horizontal disparity, but adults are a factor of 3 times more sensitive. At suprathreshold disparities, the relative peak amplitude for horizontal versus vertical disparity was 1.4 for infants versus a factor of 2 for adults. The dominant component of the adult relative disparity response is thus immature quantitatively as indicated by the higher disparity values that are needed to drive measurable responses and qualitatively because the difference in sensitivity between horizontal and vertical disparities is less pronounced.
Higher harmonic responses for horizontal and vertical disparity
In adults, the most reliable component (RC1) contains measurable responses up to at least the fourth harmonic (4F1, 8 Hz) for horizontal disparities and 3F1 for vertical disparities (Fig. 2,  right) . For horizontal disparities, the 2F1/4 Hz component rises above the noise at 5.2 arcmin, a value that is a factor of 3 higher than needed to drive a measurable response at 1F1/2 Hz. The corresponding values are also 5.2 arcmin for 3F1 and 4F1. The peak response amplitude occurs at the largest disparity for each harmonic, and the 1F1 component has the largest peak amplitude, with 1F1 being 5.2 times larger than 2F1, 4.1 times larger than 3F1, and 9 times larger than 4F1.
In infants, 2F1/4 Hz component of RC1 is relatively more prominent than their 1F1/2 Hz component: 1F1 in infants is only a factor of 1.3 larger than 2F1, instead of being a factor of 5.2 larger, as in adults. The infants' 2F1 response for horizontal disparities also becomes measurable at a smaller disparity value than for 1F1 (9 arcmin vs 17 arcmin), which is opposite to what is observed in adults where 1F1 rises out of the noise at a lower value than does 2F1. The difference in the magnitude of horizontal disparity needed to evoke a measurable response is smaller in the infants for 2F1 (9 vs 5.2 arcmin) than it is for 1F1 (17 vs 1.7 arcmin), but it is still elevated relative to the adult value. The dominance of the infant response by even harmonics suggests that their responses may be more driven by disparity change than by the appearance/disappearance of the disparity defined bars (Cottereau et al., 2012b ).
Harmonic components above 2F1 are not reliable in infants for either RC1 or RC2 components. This result, combined with the different relative amplitudes of 1F1 and 2F1, indicates that the infants' response dynamics differ from those of the adults, with adults having relatively more sustained activity as captured by the larger relative contribution of 1F1 to their response. Together, the infant response to disparity displays both spatial sensitivity and dynamical immaturities.
Disparity tuning of the RC2 component
The component decomposition indicated that a second component (RC2) was present in both infants and adults. The basis of the component extraction is trial-by-trial covariance of the response, and components are thus expected to index distinct underlying cortical sources. That this is the case is borne out by the different scalp topography of RC1 and RC2 and their different sensitivity to horizontal and vertical disparity. The scalp topography of RC2 differs between adults and infants being approximately symmetric, bilaterally in adults, but skewed to the right hemisphere in infants (compare Fig. 3 , left vs right columns; the component polarity is arbitrary). In both adults and infants, RC1 is focally distributed on the occipital mid-line, whereas RC2 is more broadly and posteriorly distributed.
Like RC1, RC2 vertical disparity responses were much smaller than horizontal disparity responses in adults and were, indeed, unmeasurable (compare Fig. 3 , red traces with those of Fig. 2) . Infants, on the other hand, had small but measurable 1F1 vertical disparity responses as part of their RC2 component, but their horizontal disparity response were unmeasurable, a pattern opposite that of the adults. At 2F1, horizontal disparities produced measurable responses in both adults and infants. The sensitivity of the infant 2F1 horizontal and vertical disparity response components was similar to each other, unlike the case for adults where no measurable response was recorded for vertical disparities. Here again, as was the case for the RC1 component, the RC2 component shows a preferential response to horizontal disparity in adults but not in infants.
Interocular correlation response functions
The first recordings showed that 4-to 6-month-old infants are less sensitive to disparity than are adults and that their disparity system does not display the characteristic superiority of horizontal over vertical disparities near threshold. In the second set of recordings, we asked whether this insensitivity to disparity comes about from a more general lack of sensitivity to interocular correlation rather than limitations that are purely spatial, such as those that would come about from a relative lack of high-spatial frequency contrast sensitivity or the availability of small receptive fields (Legge and Gu, 1989; Harris et al., 1997; Filippini and Banks, 2009) . That is, in situations where the fineness of the disparity cue is not limiting performance, is disparity processing adult-like? To examine this question, we presented a changing disparity stimulus that was well above the infant and adult disparity threshold in one set of bars and then varied the interocular correlation in the neighboring bars. By doing this, we could measure the extent to which the evoked response depends on the strength of the interocular correlations in the reference bands (e.g., the quality of the relative disparity cue) (Cottereau et al., 2011 (Cottereau et al., , 2012b . We can also ask whether this dependency differs for horizontal disparities that are expected to strongly drive the relative disparity system compared with vertical disparities that are not.
First harmonic horizontal and vertical correlation response functions
We describe the data from this experiment in the same order as we described the data from the disparity response function experiment, beginning with RC1 and the dominant first harmonic component of the adults and infants. The RC1 higher harmonic responses are then described followed by the results from RC2. Components were derived from the independent data collected in this experiment.
The evoked responses for the RC1 component are shown as a function of interocular correlation in Figure 4 . In adults (Fig. 4,  right) , the stimulus presented in the first bin of the interocular correlation trials consisted of a 16 arcmin changing disparity with zero interocular correlation in the reference bars. This bin thus serves as a baseline against which to measure the effects of increasing the quality of the relative disparity information in the display. Responses locked to the disparity alternation rate in the first bin should not be the result of relative disparity processing with respect to the reference bars because the dots comprising these bars are uncorrelated between the two eyes. There is nonetheless a measurable response in the first bin that could arise from a number of sources. First and most simply, this response could be driven by changes in absolute disparity (Cottereau et al., 2011 (Cottereau et al., , 2012b . It is also possible that the frame of the monitor may serve as a reference, as we have shown referencing effects can extend over considerable distances (Cottereau et al., 2012a) .
In adults, the responses in the horizontal disparity condition increase systematically as the interocular correlation in the reference bar increases, being ϳ4 times larger when the reference bars are 100% correlated versus when they are 0% correlated. For vertical disparities, measurable responses are present at all values of interocular correlation, but the response increases only modestly as a function of interocular correlation (a factor of 1.5 vs a factor of 4; Fig. 4 , right, compare red vs blue curves).
In addition to differences in response amplitude as a function of the reference quality, the response dynamics as measured by the phase of the evoked response also differ for horizontal and vertical disparities as shown in Figure 5 . Response phase is a composite measure of conduction delays and cortical integration time. The response phase for the vertical disparity condition in adults changes systematically as a function of interocular correlation in the reference bars (Fig. 5, open symbols) , but the phase for horizontal disparity does not (Fig. 5, filled symbols) . For vertical disparity, the response is at Ϫ178 degrees at zero correlation, shifting to Ϫ41 degrees at 100% correlation, a total change in phase of 137 degrees. The phase shift is in the direction of an increasing response delay going from 0% to 100% interocular correlation. By contrast, the response phase for horizontal disparities begins at Ϫ29 degrees at 0 correlation and shifts by only 17 degrees across all levels of interocular correlation, ending at Ϫ46 degrees, a value not significantly different from the asymptotic value for vertical disparity. The horizontal and vertical disparity response phase and amplitude functions are strongly dissociated. Response phase is different when interocular correlation is zero, but it is the same when it is 100%, Response magnitudes are similar at zero interocular correlation, but very different at 100%. There is thus no value of correlation at which the two responses are the same.
Quantitative modeling of the sensitivity of horizontal disparity detectors suggests that they can have residual sensitivity to vertical disparities (Read, 2010) , and this may account for the phase shift we observe for vertical disparities under the following assumption. As interocular correlation increases, the responsiveness of horizontal relative disparity mechanisms increases and their residual sensitivity to vertical disparity would increase as a secondary result. This signal may mix with absolute disparity responses to vertical disparity. That horizontal disparity responses are slower than vertical disparity responses in the absence of a reference has not been previously reported. V1 cells do, how- Figure 3. RC2 disparity sweep responses. Top, Infant response topography for the RC2 components has a configuration consistent with a tangential source in dorsal occipital cortex (top left). The adult topography is strongest for electrodes at the edge of the array consistent with ventral surface sources. Bottom, Evoked response amplitude as a function of disparity (semilog axes) for infants (left) and adults (right). Blue curves plot data recorded with horizontal disparity. Red curves plot data for vertical disparity. Infant responses are most reliable at 2F1 but do not clearly differ for horizontal and vertical disparities. Adult responses, when above the noise level (dotted lines), are larger for horizontal disparities (e.g., at 1F1, 2F1, and 3F1).
ever, show a specialization for horizontal disparity that is not related to relative disparity processing (Cumming, 2002). The pattern of response at each harmonic in the infants differs from that of the adults, further indicating functional immaturities in their disparity processing system (Fig. 4, left panels) . Eighteen infants contributed data, including 11 participants from the disparity sweep condition. Their mean age was 5.0 months (range 4.3-6.4 months; SD 0.5 months). Unlike in the adult, the infant 1F1 component increases by approximately the same amount for both horizontal and vertical disparities compared with the unreferenced value measured from the first bin (factors of 3 and 3.9, respectively, for infants vs 4 and 1.5 for adults). The results at 2F1 also indicate a relative lack of specialization for horizontal relative disparities. Both groups have a measurable response in the first bin of the sweep where the interocular correlation in the reference bars is zero. These responses likely reflect responses to cells tuned for absolute disparity. In adults, the correlation-related response increases systematically for horizontal, but not for vertical, disparities. For infants, the 2F1 response decreases, rather than increases, as interocular correlation increases for both horizontal and vertical disparities. Thus, the infant response pattern at 2F1 bears little resemblance to that of the adult either in the form of the tuning function or in the relationship between horizontal and vertical disparity tuning. As noted for the disparity response functions, the adult response contains activity at 3F1 and 4F1, but only for horizontal disparities. There is a small but measurable 3F1 response in the infants that is of comparable magnitude for horizontal and vertical disparities, but no measurable response at 4F1.
RC2 component of the interocular correlation response function
The topography of the RC2 component in adults measured during the correlation sweeps was similar to that recorded for disparity sweeps (compare Fig. 6 , right, with Fig. 3, right) , indicating that a similar set of underlying generators is being tapped in the two stimulus regimens. The infant topography differs somewhat from that measured from the disparity sweep condition but still retains the right hemisphere asymmetry seen in those measurements.
Overall, disparity responses are less robust for RC2 than for RC1. This is manifested in terms of sensitivity to interocular correlation and the relative absence of responses at higher harmonics and for vertical disparities. First, the 1F1 component of RC2 in adults is less sensitive to interocular correlation than is the same component of RC1 (zero amplitude thresholds of 8.8 Ϯ 3.7% vs 30 Ϯ 9%). Second, there are no reliable responses to vertical disparity for RC2, unlike the case for RC1 where there was a clear response to vertical disparities at 1F1. RC2 thus indexes a process in the adults that responds preferentially to horizontal disparities. Finally, there is no response at 4F1 for RC2, but there is for RC1. In the infants, there is no measurable 1F1 component for RC2, unlike the case for RC1 where both horizontal and vertical disparities evoked responses with comparable amplitudes and sensitivities (compare Fig. 6 , left with Fig. 4, left) . The infant 2F1 response function, by contrast, peaks over this portion of the correlation response function, but only for horizontal disparities. The relative specificity of RC2 for horizontal disparity is thus reinforced by the infant data. The 2F1 component of RC2 is an isolated example of a specialization for horizontal disparity in infants.
Disparity tuning in 5-to 7-year-olds
Prior behavioral studies of stereo-acuity development have found that disparity thresholds for a range of targets approach adult levels in 5-to 7-year-olds (Norcia and Gerhard, 2015) . We therefore decided to record from children of this age to not only compare their disparity thresholds to those of adults with the same apparatus but also to determine whether the dynamic aspects of the response and its topographic distribution were also mature at this age. Because the clearest immaturities in terms of disparity sensitivity were found with the disparity tuning functions, rather than the correlation function, we focused our measurements on the former.
The response topography for RC1 in children is very similar to that of the adults, peaking at occipital midline electrodes (compare Fig. 7 , top left with Fig. 2, top right) . The horizontal disparity tuning function for RC1, 1F1 (Fig. 7 , left, blue curve) rises above the noise level at 1.17 arcmin, as it did for the adults. The disparity threshold was 0.55 arcmin, which is comparable with that of the adults and consistent with the children's performance on the Frisby stereo-acuity test. However, the disparity response function for both 1F1 and 2F1 components of RC1 is not a simple nearly linear function of log disparity, as in adults. The child response functions have saturating portions, but the adult response functions are each monotonically increasing.
Because the children and adults viewed exactly the same stimulus, it is also possible to directly compare response phase in addition to response amplitude. The phase versus disparity behavior of the 1F1 component differs substantially between the children and adults. In both children and adults, the response becomes reliable at 1.17 arcmin and thus phase can be estimated. These data are shown in Figure 8 . In adults, response phase is Ϫ5 degrees at 1.17 arcmin and progresses in the phase lead (decreasing delay) direction, asymptoting at Ϫ44 degrees. The total phase shift of 39 degrees is equivalent to a speeding of the response by 54 ms between threshold and 16 arcmin. In the children, the phase of the response near threshold (1.17 arcmin) is 54 degrees. This phase value is consistent with the response to small disparities being 81 ms slower compared with the adults. The child function asymptotes at Ϫ37 degrees versus Ϫ40 degrees, as it does in the adults, a relative latency difference of only 4 ms for highly suprathreshold disparities. Thus, although the children are equally sensitive to fine horizontal disparities, their responses over the finest disparity range are delayed.
As in adults, the children's vertical disparity response at 1F1 is smaller than that for horizontal disparity (Fig. 7, left, blue traces) . There are indeed no consistent runs of significant response for their vertical disparity response functions for any harmonic component of RC1. The children have a robust 2F1 response for horizontal disparity and a much weaker response to vertical dis- parity, as was the case for adults and for infants. Like the infants, the third and fourth harmonic responses are very weak but are clearly measurable in the adults (compare Fig. 7 , left with Fig. 3, right) . This result, combined with the relatively delayed responses near threshold, suggests that the dynamics of the evoked response to disparity must continue to develop after age 7.
Turning to RC2, the children's topography (Fig. 7, right) , like the adults, has bilateral maxima (the color/polarity of the component maps is arbitrary up to an inversion), again suggesting that the RC1 and RC2 reflect the activity of different underlying sources. The child RC2, 1F1 component for horizontal disparity (blue traces) becomes measurable starting at 1.17 arcmin ( p ϭ 0.003 as was the case for their 1F1 component of RC1). There is no measurable 1F1 response for vertical disparity (red traces) for the RC2 component. This is a general trend across all of our analyses: the RC2 response to vertical disparity is much weaker than it is for horizontal disparity. RC2 may reflect a higher stage of processing where perceptually relevant disparities have been selected for processing. This is consistent with the topographic distribution of this component, which is bilateral, rather than being centered on the occipital pole.
Responses at the dot-update frequency
Because of the high temporal resolution of the EEG, it is possible to record time/phase-locked responses elicited by the updating of the random dot fields at 20 Hz. For notational purposes, we refer to these responses as the 1F2 component, indicating that they are first harmonic responses to the second temporal frequency in the display, F2. These responses could be related to luminance change or to contrast change, as both these properties update at this rate. Consistent with this, responses at the dot-update rate can be recorded with dynamic random dot patterns that are viewed monocularly (Eizenman et al., 1999) . Alternatively, F2-related responses could also be due to binocular processing as the match between corresponding points in the display must be reestablished on every update as all of the dots have changed.
The scalp topography of the most reliable component of the dot-update response measured at 1F2 was maximal over midline occipital electrodes and resembled that for RC1 of the disparity response function data in the infants and adults (compare Fig.  9A , top, C, top with Fig. 2 , top left and Fig. 2, right, respectively) . The 1F2 topography is similar for the children (Fig. 9B) . The topographies for the 1F2 component measured during the interocular correlation sweeps are similar to those measured during the disparity sweeps, especially within an age group (compare 9A, top with Fig. 9D , top, and Fig. 9B with Fig. 9E ). The topographies are consistent with sources in early visual cortex.
The infant response functions at 1F2 show little dependence on either disparity (Fig. 9A ) or interocular correlation (Fig. 9D) . Within a sweep type, there is no difference between horizontal and vertical disparities. By contrast, response functions measured during the disparity sweep condition in adults are strongly dependent on the magnitude of the disparity and somewhat less so in the children (Fig. 9 B, C) . Interestingly, unlike the case for 1F1 and its harmonics, there is no difference in response profile for horizontal and vertical disparities at any age.
The magnitude of the 1F2 component depends strongly on interocular coherence in the adults (Fig. 9E ), but not in the infants (Fig. 9D) . Here again, the response does not depend on disparity orientation. In adults, the 1F2 response component increases as a function of both disparity and interocular correlation, dropping in amplitude in the last bin of the sweep, which in each case corresponded to a 16 arcmin 100% correlation stimulus.
The fact that the 1F2 response depends on disparity, at least in children and adults, is consistent with a binocular contribution to this response. Such a binocular contribution could come from cells that make the binocular match between the dots. Because the dots are temporally uncorrelated, the binocular match must be reestablished at 20 Hz. The 1F2 component is immature in the infants because it does not show a dependence on either disparity or interocular correlation, as it does in the adults. The fact that the 1F2 response depends on both disparity and interocular correlation, but not disparity orientation in the adults, indicates that it receives a contribution from a different, possibly lower-level binocular mechanism than the one(s) generating responses at the harmonics of the disparity change frequency (F1).
Discussion
High-grade stereopsis in the adult visual system is based on the extraction of horizontal relative disparity information. Here we show that the relative disparity system is both quantitatively and qualitatively immature in 4-to 6-month-old infants whose absolute disparity responses measured in the absence of a disparity reference are robust. The quantitative immaturity manifested as elevations in disparity thresholds and the qualitative immaturity manifested as a lack of specialization for horizontal disparities in a fine stereo-acuity task and in a coarse interocular correlation task, as well as in a lack of disparity tuning of the dot-update response. We find that the relative disparity system is adult-like in its disparity threshold and disparity orientation preference no later than 4 -7 years of age, although minor differences in the shape of the disparity tuning functions and response dynamics are still present.
We measured responses to vertical disparity because vertical disparity stereograms, like anticorrelated stereograms, do not give rise to a percept of depth, but they do elicit disparity-tuned responses from single neurons in V1 (Cumming and Parker, 1997; Cumming, 2002; Durand et al., 2007) . Differential responsiveness to horizontal versus vertical disparities is a signature of the perceptually relevant disparity system in the same way that differential responsiveness to correlated and anticorrelated stereograms has been used as a probe of the substrate of stereopsis, defined as a percept of depth from disparity. We found that infant responses to vertical disparities were similar to their responses to horizontal disparities for both fine disparities that define the disparity threshold as well as for highly suprathreshold disparities. The generality of these results over a wide range of disparities and values of interocular correlation suggests that the immaturity Responses at 1F2, the dot-update rate (20 Hz). A, B, and C, 1F2 amplitude as a function of disparity for infants, children, and adults. Blue curves plot data for horizontal disparity conditions. Red curves plot data for vertical disparity conditions. The adult response function is strongly tuned compared with that of the infants, and both functions are independent of disparity orientation. The adult function increases in amplitude up to 11 arcmin and then decreases at 16 arcmin. The child response function has an intermediate slope and is also independent of disparity orientation. D and E, 1F2 amplitude as a function of interocular correlation. The adult response function is strongly tuned with amplitude increasing as a function of interocular correlation up to 90%, with a decrease at 100% interocular correlation. Infant response amplitudes are largely independent of interocular correlation. Red and blue horizontal lines indicate the corresponding background EEG noise levels during the trials, measured as the mean of the response at 19 and 21 Hz, respectively, averaged over the 10 s of the sweep trial.
anatomically immature at 4 -6 months in human infants (Hendrickson and Drucker, 1992) .
Alternatively, or in addition to the central field bias in V1, it is possible that the differences in processing between horizontal and vertical disparities in early visual areas are further magnified in downstream extrastriate areas. A possible analogy for this viewpoint is the way in which responses to anticorrelated stimuli that are robust in V1 (Cumming and Parker, 1997) are eliminated in higher-order extrastriate areas (Parker, 2007) . This model is attractive in that neither anticorrelated nor vertical disparity stereograms support a percept of depth, but both are capable of driving vergence eye movements (Masson et al., 1997; Stevenson et al., 1997) . Vergence eye movements are already active well before the ages we have studied (Seemiller et al., 2016) . It is thus possible that this substrate, which is not well understood (but see Takemura et al., 2007) is present in infants, but that other substrates, such as those that support depth-structure percepts are not.
